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ABSTRACT 


A recently developed technique for estimation of energy expenditure of 
field animals based upon measurement of carbon dioxide entry rate apparently 
worked satisfactorily for sheep and cattle at pasture. However, occasionally 
abnormally high entry rate values were observed. Following the published method 


4 


for estimation of carbon dioxide entry rate, NoH! CO, was infused at a constant 
rate intraperitoneally into sheep and cattle to establish - plateau equilibrium 
between the infused Incel and metabolically produced COp. The carbon dioxide 
entry rate (mg C/min) in the animal were estimated from the ratio of rate of infusion 
of NaH “co, (n ci/min) to the specific activity of CO, (n ci/mg C) in the samples 
of arterial blood, venous blood, expired gas, urine, rumen fluid and milk. The 
value of specific activity of CO. derived from the different body fluids were not 
the same. It was therefore concluded that for use of the carbon dioxide entry rate 
method it was necessary to establish individual regression equations between the 
actual energy expenditures (measured from the respiratory gaseous exchange) and 
carbon dioxide entry rate values estimated from the different body fluids. The 


regression relationship established based on the samples of arterial blood, venous 


blood, expired gas and urine were significant (p < 0.01), 


Following development of acidosis in sheep, by the infusion of HCI into 
the rumen, the specific activity of CO, in the arterial blood, venous blood and 
expired gas were not markedly altered but a significant (p < 0.01) decrease 
occurred in the specific activity of CO. from urine. Analysis the kinetics of 
CO. showed that the pH of body fluids greatly influenced the CO, filtration and 
reabsorption in the kidneys. The CO, excretion rate in the urine was significantly 
(p <0.01) decreased with a decrease in pH of the urine. The CO, excretion rate 
in the urine was reduced to extremely low levels (from 5.8668 to 0.0086 mg C/min) 


when the animal was changed from an alkelosis to acidosis condition. 
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It was estimated that about 0.0082 mg C/min of unlabelled CO, (from 
metabolism) was excreted by the cells of the collecting tubules and urinary bladder. 
This excreted unlabelled CO, apparently diluted the filtered CO, upsetting the 
equilibrium of specific activity of CO. appearing in urine of sheep in acidosis 
conditions. It was concluded that urine samples taken when an animal is in an 
acidosis condition are not suitable for estimating rate of energy expenditure using 


the carbon dioxide entry rate method. 
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4 
INTRODUCTION 


A recently developed technique for estimation of energy expenditure of 
free ranging animals based upon measurement of entry rate of carbon dioxide has 
been described by Young et al. (1969) and Corbett et al. (1971). 

While the method usually worked satisfactorily for sheep and cattle at 
pasture, it was occasionally observed that abnormally high entry rate values 
occurred when urine samples were used to isolate the carbon dioxide for specific 
activity analysis. These abnormal values appeared to occur whenever the animal 
was in an acidosis condition. 

The present study was made to determine the effect of acidosis on estimates 
of carbon dioxide entry rate based on carbon dioxide derived from various sites 
in the body. 

In this thesis the term carbon dioxide (CO,) has been used for all forms 
that are in freely interchanged with acid volatile CO, in blood. These forms 
include gaseous CO., dissolved CO,, bicarbonate and carbonate. The common 
form of expression of these forms of CO, has been in terms of carbon (c) content. 


Conversion factors for the various form of CO, compounds are presented 


below. 
Equivalent to CO, expressed as 

Compound Carbon (mg) CO, (mg) CO, (ml; STP) 
1 ml Gaseous CO, (STP) 0.536 1.964 1.0 

1 m Eq Dissolved CO, 12.011 44,011 22.4 

1m Eq HCO, 12.011 44.011 22.4 
ITmM HCO, se. 8 44.011 22.4 
ImM HCO, 12.011 44.011 22.4 
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REVIEW OF LITERATURE 


A. Methods for Estimation of Energy Expenditure of Free Ranging Animals 


Measurements have been made of rates of energy expenditure of animals 
within laboratories using various forms of direct and indirect calorimetry. These 
methods have been reviewed and described by Brody (1945), Douglas (1956), 

Wolff (1956), Kleiber (1961) and Blaxter (1967). Each of these methods require 
the animal to be closely confined in @ chamber or restrained to prevent free move- 
menf. 

Dumin and Passmore (1967) designed portable equipment for measurement 
of respiratory gaseous exchanges of humans and thus estimation of energy expendi- 
ture. This method has been adapted and used for field measurements on sheep by 
Corbett et al. (1969) and Young and Corbett (1972). The need to use a face mask 
which would prevent feeding activity in free ranging animals has been overcome by 
the development of tracheal fistulation methods for collection of respiratory gas 
(Flatt et al. 1958 and Young et al. 1963). The trachea canulation and the complex 
and bulky portable respiratory gas collecting apparatus considerably restricts the 
wide application of respiratory gas exchange methods for free ranging animals. 

Attempts to utilize easily measured indices of energy expenditure such as 
heart rate (Boogens et al. 1960; Brouha 1960; Maxfield et al. 1963; Malhotra et al. 
1963; Webster 1967; Brockway et al. 1969), respiratory frequences (Durnin et al. 
1955; Ford et al. 1959; Malhotra et al. 1962) and body temperatures (Berggren et al. 
1950) have been often suggested but to date have not proved to be — satisfactory 
for use on field animals. 

Lifson et al. (1955), McClintock et al. (1957a & b, 1968a & b), Lee et al. 
(1960), Lifson et al. (1961), LeFebvre (1964) and Lifson et al. (1966) have developed 
and tested a method for estimating rates of energy expenditure of small animals from 


the apparent turnover rate of hydrogen and oxygen in body water. These turnover 
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rates are estimated by the use of deuterium and oxygen-18 double labelled water. 
The method has been used on mice, rats, and pigeons and seems suitable for 
application for field conditions. The major limitation of the method is the cost 
of the large amount of oxygen-18 needed to establish sufficient tracer in the 
animal for accurate measurement. 

Young et al. (1969) and Corbett et al. (1971) reported a method for 
estimation of the rate of energy expenditure of unrestrained ruminants from measure- 
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ments of the entry rate of CO,z in the body. With this method, 
bicarbonate is infused at a constant rate into the animal to establish an equilibrium 
between the labelled carbon dioxide and the body pools of unlabelled carbon dioxide. 
The rational of the method developed by Young and co-workers is based upon the 
concept that the production and turnover of CO, in the body is directly dependent 
on the rate of energy expenditure of the animal. This method is similar to the 
doubly labelled water method of Lifson and co-workers but does not need the 


large amount of label to establish measurable equilibriums in the body and is 


considerably less costly. 


B. Detail Consideration of the Carbon Dioxide Entry Rate Method 


Komberg et al. (1952) and Steele (1955) derived a three-compartment 
kinetic model for the retention of CO, in the cat. The model was considered to 
contain a central carbon dioxide compartment which represented the circulating 
blood,and two peripheral compartments represented by (a) the solid carbonate 
in bone with its relatively slow turnover rate and (b) the CO, in soft tissues 
with a more rapid carbon dioxide turnover rate. It was considered that the CO. 
was produced principally from the cell metabolism of the two peripheral compart- 
ments and transfered into the central compartment of circulating blood. The carbon 
dioxide entry rate in the central blood compartment of the body can be considered 


as the CO} turnover rate in that compartment which is equivalent to the CO, 
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elimination rate and proportional to the metabolic rate (oxidation rate) within the 
animal. 

Oxidative metabolism has been extensively studied in ruminants using hve 
labelled metabolites. The metabolites have been administered to the animals by 
either single injection (Kleiber et al. 1952; Black et al. 1957 and Annison et al. 
1961) or by continous infusion (Essig et al. 1961 and Sabine et al. 1964). Like- 
wise, CO, entry rate values may be determined by administration of We labelled 
carbon dioxide either as a single injection or continuous infusion and observing 
the changes in specific activity (SA) of CO, in body fluids. A short term difference 
in the entry rate (production rate) and the rate of elimination of carbon dioxide 
from the body could arise if a change occurs in the magnitude of the carbon dioxide 
storage in the various body pools with which metabolically produced carbon dioxide 
mixes to a variable extent before it is eliminated from the body. Morris and 
Simpson-Morgan (1963) considered that a more precise estimate of entry rate was 
obtained by means of the continuous infusion technique than use of the single 
injection method of administering labelled carbon dioxide. Young (1968) pointed 
out some of the difficulties of interpretation of results of single injection experiments 
when a steady state is not achieved. Young concluded that estimated entry rates 
obtained refer only to the period of measurement which can not be, for a single 
injection experiment, more than a few hours. Estimates of energy expenditure 
made over periods of 24 hours or longer are generally more useful in studies on 
free ranging animals. For these reasons studies involving the estimation of entry 
rate of carbon dioxide of free ranging animals have used constant rates of infusion 
of iG labelled carbon dioxide. Infusions must be continued for sufficient time to 
allow complete mixing of the infusate with the body pool of carbon dioxide. Once 
equilibrium is reached, the specific activity of the carbon dioxide will depend 


upon the entry rate of carbon dioxide and thus the rate of energy expenditure of 
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of the animal. 

At equilibrium, the carbon dioxide entry rate (mgC/min) is equal to the 
ave infusion rate (n ci/min) divided by the specific activity of the carbon dioxide 
in the sample (n ci/mgC). 

The entry rate calculated by the above equation may differ somewhat from 
the actual rate of production of CO, within the body if all CO, produced and 
infused does not enter the compartment that is sampled (Young, 1968). 

The following are examples of possible interference to carbon dioxide 


entry rate measurements, and could cause errors or biases in estimates. 


a. Methane and urea formation 

In studies of rumen function, Ash et al. (1963) found that the epithelial 
tissue of the reticulum is permeable to bicarbonate and carbon dioxide. CO, 
that enters the rumen can readily react in several fixation processes such as the 
formation of methane and subsequently be lost in eructated gases (Carroll et al. 
1955; Williams et al. 1963 and Hungate 1966). Urea synthesis occurs in the 
liver where CO, and ammonia are condensed via the urea cycle (Harper 1969). 
Rust et al. (1963) found radioactivity in urea of urine from rats following injection 
of NaH '“CO,. 
b. Carbon dioxide fixation in tissues 

Carbon dioxide is incorporated into body metabolites as a result of various 
metabolic processes in living tissues (Wood et al. 1945; Ochoa et al. 1948; 
Skipper et al. 1949; Shreeve 1952; Komberg et al. 1952; Utter 1959; Rust et al. 
1963; Wood et al. 1965; Witternan et al. 1967 and Milligan 1970). Krebs (1951) 
found an average | .37% of fac was fixed into mouse tissue after infusion of the 


4 


NaH! CO3. Wittenan (1967) analyzed the fixation of We from CO, in swine 


tissues. The results of these studies are summarized in Table 1. 
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Table 1 Distribution of ave in tissue after injection of 750 uci of Na,“ 


into an 8 kg pig. Calculated from Wittenan (1967). 


CO, 


Time after % of in jected label in tissue 


injection Heart Fat Kidney Liver Skin Muscle 
9 days 0.75 0.42 0.57 1.05 0.31 Oro2 
21 days 0.38 0.26 0.55 OZ 0.22 0.45 


c. Dilution of labelled carbon dioxide with locally produced carbon dioxide 
Robinson et al. (1957) found that all tissues of the body did not equilibrate 
with CO, at the same rate. Furthermore, Coxon (1959) found the movement labelled 
CO, differed in various tissues following administration of ig glucose and he 
further showed that CO, was produced from glucose oxidation at considerably 
different rates in different organs of the body. 
Young (1970) suggested that although an equilibrium specific activity of 
CO. may be reached HOT constant infusion of Se labelled CO, the specific 
activities of carbon dioxide in various body fluids is not necessarily the same. 
Any difference may reflect the relative local dilution of the labelled CO, by 
unlabelled CO, which is produced from regional metabolism. Also carbon 
dioxide produced from metabolism in the lungs, kidney and rumen may be 


eliminated from the body without entering into the central blood CO, compartment. 


d. The pH of body fluids 

The pH of blood and body fluids are greatly influenced by the bicarbonate 
to carbonic acid ratio in the blood compartment. Thus variations in CO. elimination 
rate from the body arising from pH changes may influence the entry rate values de- 


rived from samples taken from various sites in the body. 
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C. Detail Consideration of pH on CO, Kinetics 


a. Acid-base balance 

The respiratory system has the major role in regulation of acid-base balance 
and the kidney has a compensatory role. Pitts (1968) estimated that in the human 
lung about 13,000 m Eq/24h of carbonic acid was excretion as gaseous CO, and 
the kidneys excrete 40 to 80 m Eq/24 h of non-volatile acid as titratable acid 
(HPO,) and ammonium ion (NH) which were accomplished in part by the re- 
absorption of bicarbonate. 

The bicarbonate-carbonic acid buffer system in the blood has a key role in 
maintenance of the pH. At normal pH of blood and body fluids the molar ratio of 
bicarbonate to carbonic acid is 20:1 (Pitts 1968, Ganong 1969). The carbonic 
acid concentration is regulated by the respiratory system and the bicarbonate ion 
concentration is regulated by the kidney. This relationship of regulation is illustrated 


in Figure 1 which is based on studies made by Christensen (1963) on humans. 
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Figure 1. Stepwise pulmonary and kidney response to acid invasion. From 
Christensen (1963). 
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Christensen's interpretation is summarized in Fig. 1 and shows that with the 


is 26:1.3 (mM/L), 


3 3 
sequence |. If acid is injected to change the ratio to 13.7:13.7 (2) then by the 


normal pH of blood (7.4) the ratio between HCO, and HCO 
Henderson-Hasselbach equation the pH should be 6.1. Actually the incoming acid 
strongly stimulates the respiratory rate and volume so the H,CO, is quickly dissociated 
to CO, and HO and the CO, is swept out by pulmonary activity so that the pH 

never in fact falls as low as 6.1. The animal continues with an accelerate respiration 
and brings the HCO, concentration to a normal level (3 to 4). At this stage the 

pH is still low until the renal activity is able to return the bicarbonate level toa 


normal value (5). 


b, Renal tubular reabsorption of bicarbonate 

In the studies on man Pitts and Lotspeich (1946) showed that when plasma bicarbonate 
concentration was reduced through the injection of NH,Cl, all of the bicarbonate 
filtered through the glomeruli was reabsorbed. This reabsorption continued as long 
as the concentration of bicarbonate in the plasma remained below 26 to 28 mM/L. 
This value is termed the "renal bicarbonate threshold". With higher blood bicarbonate 
levels a minimal amount of bicarbonate (2.8 mM/100 ml. of glomeru lar filtrate) is 
reabsorbed by the kidneys, the remainder is excreted into urine. Pitts (1968) reported 
that about 5100 mEq of bicarbonate ion are reabsorbed each day in man from the 
glomecular filtrate by the secretion of an equivalent number of hydrogen ions into 
the tubular urine. 

Renal reabsorption of bicarbonate in the dog was similarly controlled (Pitts 

etal. 1949) except that the “renal bicarbonate threshold” value was lower (24 to 
26 mM/L) than for man, and with the excessive blood bicarbonate the reabsorption 
rate slightly less (2.6 emole/100 mi of the glomerular filtrate). Pitts and co- 
workers also found a curvilinar relationship between urine bicarbonate concentration 


and urine pH. This relationship was confirmed in sheep (Scott 1969 and Nave et al. 
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1969), calves (Scott et al. 1971a), red deer (Scott 1971b) and pig (Scott, 1971c). 
Apparently the renal control of bicarbonate excretion in ruminants (sheep, cattle 


and deer) is similar to that in man, dog and pig. 


¢c. Mechanism of renal reabsorption of bicarbonate 

The renal tubular secretion of hydrogen ions in exchange for sodium ion 
is the major mechanism of reabsorption of bicarbonate (Pitts 1945a; Pitts et al. 1945b; 
Berliner 1952; Brazeau et al. 1955; Relman et al. 1953; Rector et al. 1960; Rector 
et al. 1965). The secreted hydrogen ions apparently react with filtered HCO, to 
form H,CO, which then dissociated to CO, and HO, the CO, being reabsorbed. 
Rector et al. (1965) observed that the pH of urine in the distal tubules of rats 
averaged 0.85 units less, i.e. more acid, than the filtrate. They concluded that 


ion exchange and bicarbonate reabsorption occurs in both the proximal and distal 


tubules. 
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EXPERIMENTAL PROCEDURE S 
| Materials and Methods 
A Animals 


a. Sheep 


Four two year old Lincoln ewes were used in the study (Table 2). 


Table 2. Experimental sheep 


Sheep Wt. 
No. kg Experiment 
308 65 
48 78 A 
8224 62 A B 
116 81 A B 


The sheep were kept in a heated laboratory in individual crates. Early in 
the study, all the sheep were prepared with carotid loops and rumen fistula. The 
sheep received 500 grams of alfalfa pellets twice daily (8.30 and 16.30 hr) for 
at least 6 weeks before trials were made. Cobalt-iodized salt blocks and water 
were available ad libitum. All feed, water and salt blocks were withheld during 
the infusion trials which commenced on each occasion shortly after the sheep had 


consumed their morning ration. 


b. Cattle 

Two female cattle were used for the infusion trials within the laboratory; 
a year-old Hereford heifer (No. 3, weight 290 kg) which was previously prepared 
with a carotid loop, and a two-year-old Hereford cow (No. 32, weight 402 kg) 


which was previously prepared with a rumen fistula. Other than during the infusion 
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period these cattle were kept in a small holding pasture adjacent to the laboratory. 


The following cows and heifers were used in the field studies. 


Table 3. Cattle used for field studies 


No. 35 342 kg 24 months milking with calf 
No. 41 351 kg - : 

No. 144 452 kg : 

No. 36 382 kg z dry without calf 

No. 378 342 kg 14 months young growing heifer 
No. 108 341 kg % : 

No. 165 296 kg m ” 


B. Preparation of Animals 


a. Surgery preparation 

A carotid loop and rumen fistula were established in each of the sheep prior 
to their use (photo. 1). The carotid loops were established by the method described by 
Butler (1962) and the rumen fistula were established by the method: described by 
Hecker (1969). 


b. Training of animals 

All animals which were used in the studies had been used in previous 
laboratory experiments and were somewhat accustomed to some of the experimental 
procedures. The animals which were used in the laboratory studies were subjected 
to training to make them thoroughly accustomed to the face mask which they were 
required to wear continuously for several hours at a time. 

The cattle which were used in field studies were accustomed to accept the 
infusion and sampling equipment which was mounted on their backs. This was 
achieved by mounting firstly the harness then at intervals additional weights and 


pieces of equipment were added. This training period with the cattle usually 
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Photo |] Sheep with carotid loop (above) and rumen fistula (below). 
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occupied approximately two weeks. 


c. Catheterization 
Catheters were inserted into the jugular vein, carotid artery and urinary 
bladder of the animal. Catherizations were made either the night prior to the 


trial or approximately 1 hr before the start of the infusion period. 


(1) Jugular vein 

An intramedic polythene catheter (PE-90/S36 or PE-190/536, Clay - Adams 
INC, New York, USA) was inserted into either of the external jugular vein via a 
two inch, 13 gauge, bleeding needle. The catheter was threaded down to the 
right ventricle. Location of the end of the catheter in the right ventricle was 
detected by pulsation of a small air bubble introduced into the saline-filled 
catheter. Novocain (Winthrop Laboratories, Aurora, Ontario, Canada) was 
injected subcutaneously Whenever ckintenureavece required to secure the catheters 
in position. The catheters were filled with heparinized saline (200 USP units of 
heparine per ml_ of physiological saline) and close off with a three way tap (MS 10, 
Stevens Co., Calgary, Canada) which was connected to the catheter by an 18 or 
16 gauge needle. The three way tap was then tied to the collar about the animal's 


neck. 


(2) Carotid artery 
An intramedic polythene catheter was inserted into the exteriorized carotid 
artery by a procedure similar to that of the jugular vein. However, the catheter 


was inserted only 10 to 12 cm into the artery. 


(3) Urinary bladder 
A Bardex catheter (Stevens Co.) was inserted into the urinary bladder. 


Catheter sizes of 14 FR. and 22 FR. were used for sheep and cattle, respectively. 
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(4) Intraperitoneal 

A intramedic polythene catheter (PE205 or PE320, Clay - Adams)was 
inserted through the abdominal wall on the right flank of the sheep or cattle. The 
procedure has previously been described in a thesis by Young (1968). A brief 
description of this method is given here. 

The hair or wool was closely clipped from the site for insertion of the 
catheter and a local anaesthetic (Novocain) was administered. A two inch, 13 
gauge, bleeding needle was then inserted through the abdominal wall and a 12 cm 
length of guide wire with a 11.5 cm length of catheter was passed through the 
needle and threaded about 10 cm into the animal. The wire was then removed 
by passing the catheter over it. Catheter was sutured in position to avoid the 
possibility of the catheter either entering or pulling from the abdominal cavity. 

A long length of the same size catheter, with a short section of 22 gauge needle 


as a joiner, was used to connect the catheter to the infusion pump. 


C. Administration of Isotope 
a. Preparation of infusion solution 

Carbon-14 sodium bicarbonate (NaH '*co,) were obtained from the Radio- 
Chemical Center, Amersham/Searle Co. The NaH “co, was diluted to the re- 
quired specific activity for infusion with isotonic non-labelled sodium bicarbonate 


(1.4% WYV of NaHCO.) 


b. Pump and infusion rate 

Lambda pumps (Model 1300, Harvard Apparatus Co. Inc., Dover, Mass., 
USA) were found suitable for continuous infusion of NaH '*co, and had a coefficient 
of variation of less than +1% in their pumped volume (Young 1968). During laboratory 
studies the Lambda pumps were activated by a pump driver (Model 1305). For field 


studies the pumps were activated by re-chargeable batteries and pulse generators 
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(Model 1301). 

The NaHi!“co, was infused at rates of approximately 30 and 200 n ci per 
minute for sheep and cattle, respectively, in a volume of 0.1 to 0.2 ml per minute 
of NaHCO. solution. The exact infusion rate (n ci/min) was calculated from the 


pumping rate (ml/min) and the specific activity strength of the infusion solution 


(n ci/ml). 


D. Administration of Acid 


To experimentally change the acid level in the body 1 N HCl acid was 
infused at a constant rate into the rumen of the sheep. This infusion was made via 
the rumen fistula. The plug of the rumen was replaced by a special plug designed 
with an infusion catheter through it. The special plug sealed the fistula to prevent 
rumen fluid or gas escaping during the period of the infusion but allowed the infusion 
catheter to be moved to new sites in the rumen every 15 minutes to aid in the mixing 
of the acid with a rumen contents. 

The acid was pumped into the rumen by means of a variable speed infusion 
pump (series 950V, Harvard Apparatus Co.). The infusion rate of acid was 
approximately 20 mEq per minute. 

The acid infusion system was set up prior to the start of each trial but not 
activated until one hour after the estimated time for the infused CO? fo reach 


plateau equilibrium with the carbon dioxide in the central blood compartment. 


E. Sampling Procedures 
a. Blood 

Arterial and venous blood samples were taken from the carotid artery and 
right ventricle via the established catheters. The blood was drawn into disposable 


plastic syringes containing a drop of heparin (Riker Pharmaceutical Co., Cooksville, 
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Ontario, Canada). The inside of the barrel of each sample syringe was lightly 
greased to prevent entry of air which could dissolve in the blood sample and cause 
an incorrect measurement of blood gas content. After taking the blood samples 
the syringes were immediately capped and placed in an ice bath until the samples 
were analyzed. Immediately after the samples were taken the catheters were 


flushed with heparinized saline. 


b. Urine 

Urine samples were collected via the established catheter into a 50 ml 
measuring cylinder. The collection periods were 15 or 30 minutes. After each 
collection, the volume of urine was measured and the sample was taken and placed 


in a sealed vial and stored at 4°C until analyzed. 


c. Gaseous CO, 

Expired CO. from the animal was collected via the respiratory gas apparatus 
(see below). A continuous sample of expired gas (10 ml per minute) was bubbled 
into 5 ml of IN CO,-free NaOH. After each 15 or 30 minutes the container of 
NaOH was exchanged with a new container. After the completion of the bubbling 
period 2 ml of 5% (W/V) NH Cl and 1 ml of 20% (W/V) BaCl.,.2H,O were added 
to precipitate the CO. as BaCO.. The container was then sealed and stored at 


4°C until radioassay. 


d. Milk 

Milk samples were collected during one trial only. These were taken from 
cow No. 32 which was used during a laboratory trial. Ten ml of milk was taken 
from the right hind quarter of the udder every 30 minutes. All remaining milk was 
removed from the quarter immediately after the sample was taken. The sample was 


sealed and stored at 4°C until analysis was made. 
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e. Rumen fluid 
Rumen samples were collected for radioassay from only cow No. 32 used 
in a laboratory trial. Samples (10 ml) were taken via the rumen fistula, they 


were immediately sealed and stored at 4°C until radioassay. 


Es Respiratory Gaseous Exchange 


Estimates of rates of energy expenditure were obtained from measurements 
of rates of oxygen consumption and carbon dioxide production. Continuous 
measurements of respiratory gaseous exchanged were made using an open circuit 
apparatus similar to that described by Webster and Hicks (1968). 

During each laboratory experiment a mask was placed on the face of the 
sheep or cattle and ventilated at approximately 60 litres per minute with atmospheric 
air. A precise measurement of the ventilation rate was obtained from a dry-gas 
meter in the respiratory gas analyzer. The oxygen and carbon dioxide contents 
of the air drawn from the animal were measured continuously using a Beckman F-3 
oxygen analyzer and an IR-215 carbon dioxide analyzer, respectively (Beckman 
Instruments, Inc., Fullerton, California, USA). Oxygen consumption and carbon 
dioxide production were calculated by multiplying the ventilation rate (liters/min 
at STP - dry) by the decrement of oxygen or the increment of carbon dioxide 
observed between the air entering and leaving the ventilated mask, respectively. 

The rate of energy expenditure (kcal/min) was calculated from the oxygen 
consumption (liter/min at STP - dry) and the carbon dioxide production (liters/min 
at STP - dry) using the formula of Brouwer (1965) as follows: EE(kcal/min = O, 
(liters/min) x 3.866 + CO, (liters/min) x 1.2. 

A small amount of CO, was collected from the open circuit respiratory 
apparatus for radioassay. The method of collection and the radioassay method are 


described elsewhere in the Experimental Procedures. 
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G. Gas and Acid-Base Analysis in Body Fluids 


The Radiometer Blood Micro-system (BMS3, Radiometer, Copenhagen, 
Denmark) with the Model G298A pH and model E5036 pco, electrodes in a 
thermostatically controlled bath (39°C) were used to analyze arterial blood, 
venous blood and urine for pH and pcO,, 

The concentration of bicarbonate (Eq/liter) and the total concentration of 
carbon dioxide (Eq/liter) were calculated from the Henderson-Hasselbach equation 


employing a pKa of 6.1 and a solubility coefficiant(S)of 0.03 m Eq/liter/mm Hg. 


Thus: pH = pKa tlog HGQs 
S-pCO92 
aia Keatnlos Total CO, 1) 


S*pCO9 


H. Radioassay of Carbon Dioxide 

Determination of specific activity of CO, in samples of blood, urine, 
milk, rumen fluid and expired gas were made by procedures similar to those described 
by Annison and White (1961), Leng and Leonord (1965) and Young (1968). 

Ten to 30 ml samples of blood, urine, milk, or rumen fluid were placed into 
a 50 ml oe Titeseal vial (Chemical Rubber Co., Cleveland, USA). A small glass 
tube (No. 9820, pyrex) containing approximately 1 ml of IN CO.-free NaOH 
was then placed within the larger vial and the cap of the vial inmediately resealed. 
Approximately 1 ml of 1 N H,SO, containing 1% (W/V) of CuSO, was then 
injected into the sample through the margin of the cap. Following this acidification 
gaseous CO, transferred from the sample to the NaOH solution. Forty-five hours 
was allowed for the transfer of the CO. from the sample to the NaOH solution. 
The small glass tube was then removed from the vial and one ml of 5% (W/V) 
NH Cl and 0.5 ml of 20% (W/V) BaCl*2H,O were added to precipitate any 


carbonate as the barium salt. 
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The BaCO, from the blood, urine, milk and rumen fluid samples and the 
samples collected from the respiratory gas were filtered with Genuine Whatman 
filter papers (No. 50, W and R Co., Boston, USA) on a Buchner funnel and washed 
with distilled water and acetone. The filter funnel could be dissociated such that 
the filter paper and precipitate could be easily removed. The precipitate of 
barium carbonate containing eG was placed on a rotating lamp drier, (Model 
Spp-69 Atomic Accessories Inc., Valley Stream, New York, USA) for half an 
hour and then ground to a fine powder with a spatula. A weighed amount usually 
20 to 30 mg of the ground BaCO, was placed ina scintillation . vial (Scientific 
and Process Instruments Div. Beckman, California, USA). The BaCO, was then 
suspended in 10 ml of scintillation fluid containing 3.4% Carbo-sil, 0.01% 5- 
phenol-oxazole (popop) and Ge4G nano craneviexocole (ppo) in xylene. The 
amount of radioactivity in the samples was then measured in a liquid Siontillation 
counter (Model DS-5, Nuclear Chicago Corp. Des Plains, Illinois). The channels 
ratio method of Hendler (1964), Horrocks (1968) and Turner (1969) were used to 
correct for extraneous quenching. 

Preliminary tests showed that approximately 45 hours was required for 
complete transfer of labelled CO, from the samples to the hydroxide solution. 
These tests showed 85% of label has been transferred after 5 hours and a progressive 
increase in recovery with the maximum being reached at about 45 hours. 

The function of the copper sulfate addition to the acid was to prevent 
microbial fermentation which could produce unlabelled carbon dioxide and upset 
the specific activity measurements. 

Preliminary tests showed that when CuSO, was not added with the acid, 
the specific activity of the isolated CO, was about 5% lower than when CuSO, 


was added (Table 4). 
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Table 4 Preliminary tests of time requirement for complete 


transfer of label from sample to 1 N of NaOH. 


Time after Specific Activity 

acidification n ci/carbon (mg) 

(hours) 

add CuSO, without CuSO, 

5 0.1643 0.1603 
21 0.1805 0.1761 
27 0.1868 0.1837 
45 0.2112 0.2063 
ol 0.2188 0.1983 
69 0.2181 0.2011 

average 0.1966 0.1876 
% 100% 95% 


The specific activities of the infusion solutions were measured by the above 


procedure after dilution with standard unlabelled bicarbonate solution. 


1. Statistical Methods 


Statistical analysis of data were made by methods described by the Steel and 


Tory (1958). 


Hl. EXPERIMENTS 


A. Experiment A Infusion of NaH!'“co, 

NaH!'“CcO, were infused into the 4 sheep, one heifer (No. 3) and one cow 
(No. 32) for 390 to 420 min. During the infusion trials the animals were confined 
indoors in metabolism crates (sheep) or stranchions (cattle) and the respiratory gas 


exchange equipment was attached to the animal (photo 2). The samples of arterial 


blood, venous blood, urine, expired gas, rumen fluid and milk were taken immediately 
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Photo 2 Sheep and cattle with respiratory mask and isotope infusion equipment. 


pos 


prior to the infusion and at 15 or 30 minute intervals thereafter for radioassay. 
Except on some occasions samples were not taken prior to the anticipated plateau 
equilibrium. No arterial blood was taken from cow 32 and samples of rumen fluid 


and milk were taken from this cow only. 


8. Experiment B_ Infusion of NaH!'“co, plus Acid Infusion 


Isotope infusion and respiratory gas exchange measurement were made in 
the same manner as for Experiment A but only two (No. 116 and No. 8224) of 
the four sheep were used. The infusion periods were extended to 480 or 585 min. 
Acid was infused into rumen after the fourth hour of isotope infusion. Samples of 
arterial blood, venous blood, urine and expired gas were taken for radioassay. 
As well samples of arterial blood, venous blood and urine were taken for measure- 


ment of pH. The pCO. contents of the urine samples were also determined. 


C. Experiment C Measurement on Field Animals 

NaH'“co, was infused continuously for approximately 29 hours into 
seven heifers and cows (Table 3). After 5 hours of infusion continuous sampling 
of urine was commenced. Samples of jugular blood were taken transiently at the 
Fifth and 29th hour of infusion. The samples of urine and blood were analyzed 
for SA of CO. only. 

The equipment for infusion and sampling has been described by 
Young (1970). A brief description of this method and equipment with additional 
information not contained in Young's publication is as follows: 

The battery powered Lambda pumps (Harvard Instrument Co.) were used 
for both the infusion and sampling systems (photo 3). Two transfer packs (Fenwall 
Laboratories Morton Grove, Illinois, USA) of 150 ml capacity were sufficient for 
periods of up to 36 hr of infusion and sample collection. 

The infusion and sampling systems were housed independ ntly in wooden 


boxes and mounted on a carrying belt over the shoulders of the animals. As well 


f 
WO Ps 


| sn gas in YAU sient een noth si 


Prin of ale r u ne pe 7 { : . 


wanes in 


nh 
) Wi om 
ms ¥ *, [op 
av : 


i oe wall ; a 7 ; ‘ “4 : 
nee ‘mae hs r ma: sauahy i 
z s oer a ax a 

wh. 8 = a: aN ay 


Yo (ESB Lo bao Ott wy batts 4 4A trong zee p reno ital 14) 
sim 282 ro OB ot boom. aa ecg wat orl sty) wrt : 
Yo zalqmn2 .noizuini ogotesi to-wor! os eae 

epaznoiben 16% nant perenne ‘ 


sath Gaia finned isuguitledis Tab 
enilginne avownites’ aeievtni 1s swol 2 We east) ons bro aretied newer 
odlt to ytinelanoyt nesiot srew heald wohugd Ye eolqmoz -beshemmes eow anny to 
ben eww boold bw ani Yo talgmbe oT nolo! 18 wot aes bo oT 
- ino gO Ye A2 vol 
todos aed ilies bc soit sa tromghpa tf 
oi tie es ag ean 0821 on 


ie j s Tari & c ; rea 
Aa \ it nm 1h Pe ye * ; ; Wy 
e 


owns’) along relermntiowt (Cis tleteve gnilqmes br cient na 


| | padi Hee ae aboir 
ons winatnioreg tents al 


llew 24 .zloming ost % 4 abluc 


oe 


Photo 3 Sampling system (left above) and Infusion system (right above) and its 


housing box (below) used for field measurement of carbon dioxide entry rate. 
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as the girth strap an extra supporting strap passed around the shoulders of the 
animals and another strap (crop) to the base of the tail (photo 4). 

The infusion of NaH! “CO, were made intraperitoneally through the 
right flank 15 cm behind the last rib and 20 cm down from the vertebrae. The 
infusion catheter was sutured to the skin and covered with adhesive. tape to hold it 
in place. The infusion method is described above. 

The urine sampling system consisted of a Bardex Catheter (22 FR, The 
Sfevents company) which was inserted into the urinary bladder. The urinary 
catheter was then connected to a flexible plastic tube which was tied to the strap 
extending from the base of the tail to the carrying pack. The tube was then 
divided into two, one branch passed to the sampling pump which withdrew 
and deposit the sample (approximately 0.1 ml/min) in the collecting container 
which was sealed but flexible thus allowing the accumulation of sample without 
exposure to the atmospheric air. The other branch of the urine line extend 
under the animal and allowed the urine, which was net drawn off by the sampling 
pump, to fall into the ground. It was necessary to have a rubber valve at the 
end of the latter duct to prevent the back flow of urine. The urine sampling 
system was not activated until the infusion system had been operating for at 
least five hours to allow the body pool of CO, to reach an equilibrium with the 


infusate. 
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Photo 4 The Sampling system and infusion system in harness (above) and attached 


to a cow in the field (below). 
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RESULTS 
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A Experiment A NaH CO, Infusion 


a. Time to reach plateau 

The specific activity of CO. in venous blood, arterial blood, urine and 
expired gas increased rapidly with NaH'“co, infusion and reached plateau levels 
with only a slight variation after the infusion had been in progress for about 3 hours 
in sheep and 4 hours in cattle. The typical result of both sheep and cattle are 
shown in Fig. 2. Detailed results of each trial in experiment A are contained in 


Appendix A. 


b. Local dilution 

The specific activity of CO. in arterial blood, venous blood, urine, 
expired gas, rumen fluid, and milk had different plateau levels. The specific 
activity of CO, in rumen fluid and milk had relatively large variations and were 
significantly lower (p < 0.01) than that of arterial blood, venous blood, urine 
and expired gas. Relative values are summarized in Table 5. Appendix Acontains 


individual observations. 


Table 5 Relative value of specific activity of CO, in body fluids at plateau 


Relative to arterial blood (%) Relative to venous blood (%) 


Animal Venous Urine Expired Arterial Urine Expired Rumen Milk 
Blood Gas Blood Gas Fluid 
Sheep No. 48 95.3 100.6 75.9 106.8 105.5 79.6 ~ ~ 
Sheep No. 116 87.6 106.2 81.9 T14-0 tzl.z2 94.2 - - 
Sheep No. 224 96.2 149.3 89.5 103.8 155.1 93.0 - - 
Sheep No. 308 84.1 127.2 85.2 118.8 150.4 101.3 - - 
Sheep No. 48 86.8 132.7 92.7 115.1 152.8 106.8 - - 
Catfle"No. "3°" 9220 PTIGIO9n 108.6 126.1 98.0 - - 
Cattle No. 32 - - - - hS25ie SShc90 s5O4* 45.6 


mean 902) @122.0 85.9 110.8 132.8 94.1 59.4 45.6 
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Figure 2. Specific activity of CO, in the body fluids during intraperitoneal 
infusion of NaH!“co,. Infusion rate were 25.5 n ci/ min and 
171.3 n ci/min in sheep and cattle, respectively. For details 
see Appendix A l and A 6. 
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c. Relationships between entry rate and energy expenditure 

Rate of energy expenditure (EE; kcal/min) of four ewes and two cows, 
estimated from the respiratory gaseous exchanges were regressed against carbon 
dioxide entry rate values (ER;mgC/min). The entry rate values were estimated from 
specific activity of CO, in arterial blood (a), venous blood (v), urine (u) and 
expired gas (g), respectively (Fig. 3). The following are the regression equations 
derived, where the standard error of estimate (S.E.) and correlation co-efficient 


(r) were based on 58 observations of venous blood, urine and expired gas and 46 


observations on arterial blood (Appendix A 2, A3, A4, A5, A6, andA/7). 


EE = 0.1401 + 0.0045 ER (1) 
= 0.9856 
SE = 0.3803 kcal/min 
EE. = 0.4793 + 0.0052 ER , (2) 
= 0.9890 
= 0.3324 kcal/min 
EE, = 0.4569 + 0.0037 a (3) 
r= 0.9752 
SE = 0.4570 kcal/min 
EE. = 0.4369 + 0.0043 ER | (4) 
r= 0.9721 
SE = 0.2883 kcal/min 


The individual regression equation (1), (2), (3) or (4) were all significant 


ip -< 0.01). 


B Experiment B NaH!'“co, Infusion plus Acid Infusion 


Fig. 4 illustrates the effect of acid infusion on blood pH, urine pH, 
elimination rate of CO, via urine and expired gas, and on the specific activity 
of CO, in venous blood, arterial blood, expired gas and urine (see Appendix B 


for all original results from experiment B). 
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Figure 4. | Example of experiment (sheep No. 116; details Appendix B 1) showing 
effects of intra-ruminal infusion of HCI on pH of body fluids, elimination 
of CO. and specific activity of CO> in the body fluids. Specific 
erie of CO» and pH of venous blood were slightly lower than the 
corresponding arterial bood values. 
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In the particular results shown in Figure 4 the response to the acid infusion 
was for the venous and arterial blood pH to decrease slightly. However, urine pH 
fell from 8.42 to5.05. The CO, excretion rate was increased from 585 to 790 
mg CO, /min in expired gas and decreased from 23.46 to 0.01 mg CO, /min in 
urine. In another animal (Sheep 8224, Appendix B 2) the change in expired CO, 
was not as marked. The specific activity of CO, was decreased slightly in arterial 
blood, venous blood and expired gas but a significant (p < 0.01) decrease occurred 
in urine. 

In Figure 5 the results from both trials are used to show the relationship 
between blood pH and the specific activity of CO, in body fluids. These results 
indicated that specific activity of CO, in venous blood, arterial blood and expired 
gas were relatively constant in spite of change of blood pH with acidification. 
However, the specific activity of CO, in urine fell dramatically in response to 
decreases in blood and urine pH. 

Shortly after the trial on sheep 116 the animal died. After the 420 minute 


of NaH 4 


CO, infusion,rate of acid infusion was doubled to 40 m Eq of HCI/min. 
This increase in rate of acid infusion apparently caused the pH of the arterial and 
venous blood to decreased to 6.75 and 6.70 respectively. However, the urine 
pH which was already very low decreased relatively little (Appendix B 1). The 
excreted rate of urine decreased to one-fifth of that before the acid infusion rate 
was doubled. Furthermore, red coloration apparently from hemoglobin appeared 


in the urine. The trial was terminated after 480 min, but the animal died 2 hours 


later. 


C Experiment C Field Measurement 
The carbon dioxide entry rate (mg C/min) of seven heifers and cows were 


estimated from the specific activity of CO, in urine collected over 24 hours and in 
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Figure 5. — Effect of venous blood and urine pH on specific activity of CO, in body 
fluids. Specific activity values were corrected to a standard infusion of 


100 n ci/min. For details see Appendix B 1 and B 2. 


ve a4 vd viet : ry OER 
he r Ly, io “ a at ae ci ot GA abi | 


an ee PLN pip a ia, oy | 
’ A ve e- ih *s ht i : ae tire it (ae win , Ae % 
st At 2 qi. en ee eile eats a + del | 


; 12 Dasiaeh PR RR go¥e Bh er Ai oe 
| ivigild pieuhs thie ah oy ae atale 


Rak rie Pang Hen ht 
Ay - Ca | 


i i bag 


al 


Po 
at 
wv 
os ieee \t ¥ sig Say 7 A 
ia FF t Lng alli ge’ 7?) gy (ia. ‘iy ih Beata we 
\ood at - ‘ ; ve . Ae +, es a ha : a h He 
ares z : a } a ai ah vy 
ws fijrue a Qoghel ; : m = 6 € 
; a ‘ ; ial ajar r i nfl ‘ “ asia : 
a ae 7h i _ 
‘ 
; be + 
ye ; ss - 
me a ere” 


-33- 


jugular blood samples taken at the fifth and 29th hour of infusion. The measured 


entry rate values are shown in Table 6. 


Table 6 Measurement of carbon dioxide entry rate from cattle in the field. 


CO, entry rate (mg C/min) 


Animal from jugular blood from urine 

No. a 

378 1901.1 2130511 1532.5 
108 2007.6 1943.2 1661.1 
165 1937.6 1814.5 1421.8 
35 1742.5 203152 1502.1 
4] 1912.3 2146.0 1874.2 
144 2021.2 1814.0 1902.6 
36 1643.6 1701.0 1133.2 


a_ transient sample at Sth hour 


b transient sample at 29th hour 
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DISCUSSION 


A. Equilibrium of Infused gi In Body Pool of CO, 


In experiment A, the equilibrium times or times to reach plateau specific 
activity of CO, during constant infusion of NaH'“co, were 3 hours and 4 hours 
for sheep and cattle, respectively (Figure 2). These observations are similar to 
those of Huber et al. (1965), Annison et al. (1967 ), Bergman et al. (1967), 
White et al. (1968), Young et al. (1969) and Corbett et al. (1971) for sheep, » 


and Young (1970) for cattle. The longer time to reach the equilibrium plateau of 
specific activity of CO, in cattle was probably a reflection of the greater body 
mass and thus larger pool of CO. in cattle. 

Kornberg et al. (1952) and Steele (1955) suggested that the body pool of 
CO. was divided into three compartments: a central blood compartment, and two 
peripheral compartments; the soft tissues and bone. During constant infusion of 
NaH'“CO, into an animal the label is apparently taken up into the soft tissues at 
varying rates from the blood. The ne content of any tissue will therefore reach 
a maximum when the specific activity of CO, in the blood compartment and in the 
soft tissue compartment reach equilibrium. Not until all body compartments of CO, 
have reached equilibrium will a "true plateau" situation exist. Some compartments, 
eg. bone, will take substantial time to reach equilibrium with the central blood 
compartment because of the slow flux of HCO. in bone. Buchanan et al. (1951), 
Bergman and Hougue (1967) found about a 3% variation in the specific activity of 
expired CO, during the apparent "plateau" period and suggested that the HCO, 
in the bone compartment had a much slower flux than that of the soft tissue com- 
partments. Thus after the equilibrium of specific activity of CO, is reached 
between the central blood compartment and soft tissue compartments, the equilibrium 
between the blood compartment and bone compartment may still continue for some 


time. 
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Ash et al. (1963) found the rumen epithelium is readily permeable to both 
HCO, and CO,. Huber et al. (1965) made constant infusion of NaH!'“co, into 
the sheep via the jugular vein and they found 23% of infused st in rumen at 4th 
hour and 4% at 6th hour after beginning infusion. The reason for this large variation 
is not clear, however, it is apparent that the rumen could contain unequilibriated 
amounts of cos and might contribute to variations in specific activity of CO, in the 

circulatory compartment even after the plateau is reached. CO, can be fixed 

in animal tissue (Skipper et al. 1949 and Witternan et al. 1967) and incorporated 
into the end product of metabolism (eg. methane, urea; Rust et al. 1963). Variations 
in the rates of these processes could affect the kinetics of CO. in the animal body 
and thus lead to the variation of specific activity of CO, in the body. 

In the present study the lack of significant change in specific activity of 
CO, with the time after the plateau was reached, except as a consequence of acidosis, 
indicates that the bone compartment, rumen metabolism and tissue fixation of CO, 


apparently did not have major effects. 


B. Variation in SA at Different Sites After Plateau Equilibrium 


CO, in venous blood, arterial blood, expired gas and urine are a part of 
or usually mainly derived directly from the central blood compartment of acid 
volatile CO,. However, the specific activity of CO. sampled from these different 
sites were not the same (Table 5). These differences were probably largely determined 
by the site of IAC infusion andirelative |eédl diluticn of labelled CO, by the un- 
labelled CO, from cellular metabolism. The explanation might be best illustrated 
by Figure 6. 

In Table 5 it was shown that the specific activity of CO, in venous blood was 


on the average 10% lower than that in arterial blood which reflects that considerable 


amount of unlabelled metabolic CO. was produced from the tissue and entered the 
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blood compartment diluting the labelled Vey: The specific activity of CO, in 
expired gas was on average 6% lower than that in venous blood probably because 
of dilution by eructated unlabelled CO, produced by microbial fermentation in the 
rumen. Furthermore, unlabelled CO, produced by the lung tissue itself and expired 
directly without entering the circulatory blood compartment might be the other 
factor making the specific activity of CO, in the expired gas generally lower than 
that of venous blood. In trials on sheep 308 and 48, the specific activity of CO, 
in expired gas were on average a little higher than that of venous blood. This 
apparently high specific activity of CO, in expired gas may have arisen from infused 
label entering the rumen without prior mixing with the circulatory blood and then 
the eructation of the rumen gas with the expired gas. 

The CO. appearing in the urine is usually considered to be that derived 
from the arterial blood and from metabolically produced CO, from the urinary organs. 
However, in the present study the specific activity of CO, in urine was on average 
22% higher than that in arterial blood (Table 5). This result may have arisen because 


Ween was near the urinary organs. If the urinary 


4 


of the site of infusion of NaH 
bladder was permeable to both CO, and HCO.,, the infused NoH! CO, may have 
diffused into the urinary bladder or associated organs and increased the specific 
activity of CO, in urine. If such were to occur then some of the label appearing 
in the urine would never have entered the circulatory blood compartment. 

The specific activity of CO, in rumen fluid and milk were only 59% and 
45%, respectively, of that in venous blood (Table 5). These results suggest that 
the CO, in rumen fluid and milk were not in free exchange with the circulatory 
blood CO, compartment. 

As the specific activity of CO, derived from samples taken from various 


sites in the body will depend upon locally produced CO,, any CO, entry 


rate value based on such samples may differ from the actual entry rate 
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(turnover rate) of CO. within the whole animal. The estimations of entry rate 
derived from the various samples of CO, might, therefore, not be a precise 
measurement of the rate of tumover of CO., but a function of the value. 
Therefore, as previously suggested by Young et al. (1969) and Corbett et al. (1971) 
the CO, entry rate technique _ really only gives an index of energy expenditure 
and it is necessary to establish an emperical relationship between the entry rate 
value and actual rate of energy expenditure. 

From the results obtained during experiment A, regression relationships 
were established between rate of energy expenditure and entry rate values based 
upon sample of CO, derived from arterial blood, venous blood, expired gas, and 
urine. 

Young (1968) and Corbett et al. (1971) found that regression equations 
based upon the specific activity of CO. in the urine were more precise than those 
based on CO, derived from venous blood. In the present study the urine based 
regression (equation 2) had the highest correlation coefficient. Some of the improved 
precision with urine samples observed by Young and co-worker probably arose because 
they sampled blood at 15 min to 30 min intervals, whereas the urine samples accumulated 
in the bladder over the same period as the measurement of respiratory gaseous ex- 
changes. In addition, these workers suggested that the specific activity of CO, in 
urine might be less rapidly affected by transient changes in body CO, production 


or output, such as could occur when animals were handled. 


C. Influence of Body pH on Specific Activity of CO, 


The kidneys together with the respiratory system have roles in maintaining 
a normal body pH in animals. These roles are largely through adjustment of the 
bicarbonate and carbonic acid level in the circulating blood. 


With the development of acidosis there was a marked reduction in the specific 
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activity of CO. in urine but little change in the specific activity in other body 
fluids (Table 7). This apparently arose because the specific activity of CO, in 
urine is influenced by the increase bicarbonate reabsorption in kidney, including 
es during the acidosis condition. Thus the specific activity of CO, appearing 

in the urine depends upon a) the amounts of CO, filtered, b) the amount of 

CO, reabsorbed in the renal tubules, c) the diluting capacity of unlabelled CO, 
produced from the collecting tubule and urinary bladder and excreted in the urine 
and d) the transfer of labelled or unlabelled CO, across the wall of the bladder 
and associated organs. The rate of glomerular filtration and tubular reabsorption of 
CO, is influenced by the pH of the blood and body fluids (Christensen, 1963). 
Therefore, changes in pH in the body could lead to a change in the specific activity 
of CO, in urine. Rector et al. (1965) showed that when animals are in state of acidosis, 
the renal tubules increased bicarbonate reabsorption by the secretion of hydrogen 
ion in exchange for sodium ion. 


Table 7 Mean of the specific activity of CO, in body fluids and CO. elimination 


rate during alkalosis (narmal) and acidosis condition 


Mean of specific activity of CO.* CO, elimination rate 
(n ci/mg C) (mg CO, /min) 

Sheep Arterial Venous Urine Expired Urinary Respiratory 

No. Blood Blood Gas 

116 alkalosis 0.3784 0.3747 0.5955 0.4466 21.524 740 
acidosis 0.3431 0.3092 0.0315 0.3691 0.0318 897 
8224 alkalosis = 0.1275 0.1532 0.1233 14.195 627 
acidosis = QO. 1193" 0. OT96""O. TOT 0.1282 726 


* Difference in specific activity between alkalosis and acidosis condition were not 
significant except for urine where the difference was significant at p < 0.01. 
Furthermore, arterial blood, venous blood and expired gas were not significantly 
different. For original results see Appendix B 1 and B 2. 
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The acidification of sheep by intra-ruminal infusion of hydrochloric acid, 
see Experiment B, modified the dynamic of carbon dioxide excretion. A likely 


mechanism of this modification is illustrated in Figure 7 and explained below. 


Tubulor filtrate Renal tubulor cells Blood cells Rumen 


(Excess acid) 
HCl 


nL co, Expiration 


Amino 
NH3*— acid 


HPO" NH,CI 


cae 
Figure 7. Proposed mechanism of elimination of excess acid and renal 
tubular reabsorption of bicarbonate following intra-ruminal. 
infusion of HCl. 


Excess acid in the rumen is buffered by bicarbonate in cells of the 
rumen wall to form carbonic acid and neutral salt (NaCl). The carbonic acid then 
dissociates to form CO, and water. 

Thus: ia HO + CO, 


HCI + NaHCO, ——> NaCI” + HCO, 


The carbon dioxide then diffuses into blood, and is largely eliminated by 
the respiratory system. 

The neutral salt (NaCl) is transported to the kidney by the blood stream. 
To prevent excessive loss of sodium ions the anion (CI ) combined in the kidney 
with ammonia (NH2) and hydrogen ion (H”) to form ammonium salt (NH,Cl) which 
is finally excreted in the urine. 

Thus: 


Narel™ & HCO, + NH; ——> NH,Cl + NaHCO, 
(excreted) (reabsorbed) 


This mechanism agrees with a recent report of Scott et al. for sheep (1970), 
calves (197la) and red deer (1971b). Scott and co-workers found that with 


alkalosis ruminants excreted alkaline urine rich in bicarbonate and poor in ammonium 
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ion. However, after they infused acid into the rumen the urine became acid, had 
a low bicarbonate content and a marked increase in ammonium ion concentration. 

In the present study the sheep after acidification had little change in their 
blood pH however the urine pH fell from 8.450 to 4.88 (Figure 4 and 5). The 
concentration of bicarbonate in the urine was reduced from 866 m Eq/I to 0.02m Eq/I. 
These indicate the renal reabsorption of bicarbonate was increased when the animals 
were in a state of acidosis. The regression relationship between urine pH and log 
urinary bicarbonate excretion for all sheep used in the present study was highly 
significant (r = 0.95, df = 48, p <0.01) (Figure 8). Therefore, when an animal 
becomes acidosis condition the CO. filtrated from the arterial blood is rapidly 
reabsorbed back into the circulating blood compartment. Thus during an NaH'“co, 
infusion there would be an upsetting of the equilibrium of specific activity of CO, 
between urine and blood compartments (Figure 4 and 5 and Table 7). The specific 
activity of CO, in urine fell rapidly when the blood pH fell below 7.42. However, 
the value of specific activity of CO, in arterial blood, venous blood and expired 
gas were relatively constant and in equilibrium with each other. Therefore, the 
carbon dioxide entry rate technique as proposed by Young et al. (1969) and 
Corbett et al. (1971) could be considered applicable at any pH where the specific 
activity values were derived from arterial blood, venous blood or expired gas, 
however, not applicable to urine samples where the urine is acid. 

Pitts and Lotspeich (1946) indicated that almost all of the bicarbonate was 
reabsorbed and retum to the blood when sheep were inacid condition and the re- 
absorption occured in proximal and distal tubules. In the study sheep 116 (Figure 
4 and Table 7) there was about 0.0318 mg CO,/min of CO, excreted in the urine 
with the acidosis condition. This small amount of CO, could have arisen from the 
metabolism of the cells of collecting tubules and urinary bladder. If this were so 


then it should not contain any label, as all of the labelled carbon filtrated 
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Figure 8. The relationship between urinary pH and urinary bicarbonate excretion 


in sheep. 
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from the blood should be reabsorbed and retumed to the blood. However, on average 
0.0315 n ci/mg C of specific activity of CO, was found to occur in urine in acidosis 
condition. This label may have entered the urine not from the filtrate but from 
infused G directly diffusing into the collecting tubules and urinary bladder. In 
alkalosis condition the specific activity of CO, in urine was on average 0.22 
n ci/mg C higher than in arterial blood. As discussed above the high amounts of 
label in urine may have arisen directly from the diffusion of infused iq through 
the wall of the bladder and associated organs. The relatively high apparent 
diffusion of ie into the urine in alkalosis condition might indicate that CO, or 
HCO, diffusion through the wall of the urinary bladder or collecting tubules is 
influenced by the pH of body fluids. Therefore, the cells of collecting tube and 
urinary bladder may have the similar function to that of the renal tubular cells 
in regulation of the HCO, excretion and retention in the body. 
If it is assumed that with acidosis condition there is complete reabsorption 

of CO, by the renal tubules (Pitts et al. 1946) then the excreted unlabelled CO. 
(from metabolism) by the collecting tubules and urinary bladder can be estimated 
using the following formula: 

SA, 


SA 


(1 


x 100% x CO, excreting rate in acidic urine 


(mg C/min) 


where SA,, is specific activity of CO, (n ci/mg C in urine when the animal in 
an alkalosis condition and SA, is specific activity of CO. (n ci/mg C) in urine 
when the animal is in an acidosis condition. 

For sheep No. 116 it was estimated that the excreted unlabelled CO, by 
the collecting tubules and urinary bladder was on average 0.0082 mg C/min. 

On the basis of 0.0082 mg of unlabelled carbon per minute excreted by the 
collecting tubular and urinary bladder cells the fg in filtrate leaving the renal 


tubules would be diluted about 0.1% for animals in alkalosis, but for the animal 
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in an acidosis condition it is a 20 fold dilution. Thus the metabolic CO, excreted from 
collecting tubule and urinary bladder could markedly upset the equilibrium of 
specific activity of CO, in urine when an animal is in an acidosis condition. 

The respiratory and urinary appearance of infused fe was markedly affected 
by changes of pH in the body (Table 8). In acidosis conditions there was more iG 
recovered in expired gas than when the animal was in alkalosis condition. This 

probably reflects respiratory system increases eliminate HCO, as CO, to decrease 
amounts of HCO. in the blood. In contrast as discussed above there was less aie 
recovered in the urine in acidosis than in alkalosis condition indicated the kidney 


increased HCO., reabsorption to increase the HCO. level in the blood. 


Table 8 Mean and +S E for label elimination rate and percent recovery of infused 
NaH!“co, of sheep in alkalosis and acidosis conditions (from Appendix B). 


pH Label elimination rate Total label 

(n ci/min) recovered (%) 

Sheep Venous Urine Urine Expired gas Urine Expired 
No. Blood Gas 


116 alkalosis _..7.51-7.40 8.4-7.7 3.189+0.388 87.75 +2.60 2.4 65.6 
acidosis 7.37-7.20 6.1-5.0 0.001 +0.001 93.45 +3.23 O20 69.7 


8224 alkalosis 7 .55-/4742-~8.27-«-l—-1-886.4.0.210 21.07 4.0.57 3.9 59.5 
acidosis 1289-793. O21-4.0. 0.007 50,000) 22220 + 0.979 0.002 62.5 


In the present experiments 59.5 to 69.9% (Table 8) of infused nye was 
recovered in the expired gas. This is similar to the 52.3 to 65% of recovery re- 
ported by Huber et al. (1965) for sheep but was less than the value of 90% recovery 
reported by Krebs et al. (1951) for mice. The lower recovery of infused lee in the 


sheep might reflect the relatively large capacity of rumen and retention of Ute 
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and subsequently loss by eructation. Hoemicke et al. (1965) estimated that the 
formation of methane from the CO, in the rumen could account for about 10% of 
total carbon dioxide tumover rate in ruminants. Furthermore, some of the infused 
LiGeldbas could be lost from cutaneous diffusion or incorporated into metabolites, 
for example in the Krebs cycle, urea synthesis and other CO., fixation process. In 


the ruminant species in particular, the CO, also could be incorporated into 


propionate for gluconeogenesis. 


D. Application of Carbon Dioxide Entry Rate Technique for Estimation Energy 
Expenditure on Free Ranging Cattle 
Rates of energy expenditure shown in Table 9 were calculated from the 
entry rate values presented in Table 6 and using prediction equation (1) and (2). 
The estimated daily energy expenditure of heavier, milking cows and the growing 
heifer were higher than that of lighter weight dry cow’. These results illustrate 
that the carbon entry rate technique could be used in studies on energy metabolism 


of field animal. 


Table 9° Rate of energy expenditure of free ranging cattle estimated by the carbon 


dioxide entry rate technique. 


Energy Expenditure (Mcal/24h) 


Animal Wt. — from jugular blood from urine 

No. (kg) a b* 

378 342 12.520. 415,520 IZetGS 14 months growing heifer 
108 341 1S..240 12.793 13. 128 

165 2% 12,757 Bide o59 11.336 4 

35 342 1.493" 4132063 heros 24 months milking cow 
4] 351 IZ 509s 14.107 14,724 

144 452 1389298 © 119956 14. 936 " 
36 382 10,852 11.224 DAZ 24 months dry cow 


* sqme as Table 6. 
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The variation of estimated energy expenditure from the entry rate of venous 
blood indicate that transient sampling may not be suitable for field energy expenditure 
studies over a period of 24 hours because the energy expenditure could be changed 
substantially within the 24 hours. A method for continuous collection of urine from 
freely grazing cow was used to obtain a more precise estimation of energy expenditure 
under field conditions. The method has been previously reported by Young (1970) 
and further detail of it are given in the Experimental Procedure section. The main 
disadvantage of this method is that urine is unsuitable as a means of estimating entry 
rate of CO, if the animal is in an acidosis condition during any of the measurment 
period. Another disadvantage is that urinary bladder catheterization or its 
equivalent, is difficult to establish in the male animals. Farrell et al. (1970) 
have recently developed equipment for continuous automatic blood sampling in 
sheep. Such a system could be used for other field animals and may eliminate 
the problems of transient sampling and acidosis. It is applicable to both female 
and male animals. This blood sampling system and the CO, entry rate technique 
may be a practical and most useful method for the further studies of energy 


expenditure of unrestrained animals. 
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SUMMARY AND CONCLUSION 


The index hieiHoeeTor estimating energy expenditure based upon measure- 
ment of the carbon dioxide entry rate was evaluated for sheep and cattle in 
alkalosis and acidosis condition. The plateau equilibrium between infused nee; 
and metabolically produced CO, was established by a constant intraperitoneal , 


ge Ox- Approximately four hours of infusion was needed to 


infusion of NaH 
reach the plateau in cattle while sheep required approximately three hours. 

During the plateau equilibrium the specific activity of CO, had slight variation 
which were apparently dependent upon the transient variations in metabolic CO, 
production and fixation in tissues. 

The values of specific activity of CO, derived from arterial blood, venous 
blood, expired gas and urine are not the same. These differences probably arose 
because of local dilution of the infused lees with variable amounts of CO, 
produced in the different regions of the body. Regression equations between actual 
rate of energy expenditure and carbon dioxide entry rate values derived from the 
arterial blood, venous blood and expired gas were significantly (p < 0.01) 
different. It was concluded that for application of the CO, entry rate method 
individual regression equation need to be established for CO, derived from body 
fluids taken from different sites in the body. 

The specific activity of CO, appearing in the urine depends upon (a) the 
amounts of CO. filtered and reabsorbed in the renal tubules and (b) the diluting 
capacity of unlabelled CO, produced from the metabolism of cells of the collecting 
tubules and urinary bladder. The rate of renal tubular filtration and reabsorption 


of CO., from the blood was influenced by the pH of the body fluids. It was observed 


2 
that after acidification of the animal, by acid infusion into the rumen, the CO, 
filtered from the arterial blood in the glomeruli of the kidneys was apparently 


rapidly reabsorbed back into the blood. Therefore, during an infusion of labelled 
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CO, the diluting capacity of Onlabelled metabolic CO, from the collecting tubules 
and urinary bladder become larger and could reduce the specific activity of CO, 

in the urine. The specific activity of CO. in the arterial blood, venous blood 

and expired gas were relatively unaffected by a change in pH in the body fluids. 
Therefore, the carbon dioxide entry rate technique as suggested by Young et al. 
(1969) and Corbett et al. (1971) could be used in animals in any state of acidosis 
where the specific activity of CO, were derived from arterial blood, venous blood 
or expired gas, but not from urine sample when the urine is acid (pH > 7). 

The carbon dioxide entry rate method was used to measure the rate of 
energy expenditure of seven free ranging beef cattle. The daily energy expenditures 
of heavier, milking cows and the growing heifers were higher than that of lighter 
and dry cows. These results confirmed that the carbon dioxide entry rate method 
could be a useful and convenient tool in studies on the energy metabolism of free 
ranging animals with the exception that urine should not be used to derive CO. 


for specific activity analysis when the animal's urine is acid. 
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APPENDIX A 


Specific activity of carbon dioxide in various body fluids during the intra- 
4 


peritoneal infusion of NaH! CO, and _- energy expenditure estimated from 


respiratory gaseous exchange. 


Trial [een NaH '4 


CO, Infusion Rate Page 
(A ci/min) 

SAil) EShheoNo. 48. Gets ceseco] ~~ 4 
A2 Sheep No. 146 5220 she. 
A3 Sheep No. 8224 69.5 56 
A4 Sheep No. 308 53.3 37 
A5 Sheep No. 48 63. | 58 
Aé Cattle No. 3 171.3 59 


A7 Cattle No. 32 22:1 9 60 


ey HY aos 


v ae vy me Aa i Mag 


ay 
in. 
a me . 
ae Se 


\aapnlied ort pninub abiul? ybod evita yi at Sail c vil top ol tisaqe 
ois € = : iad eae, 
| mart betomitie toe ebony nie 


Dy 4 : : = I 
i 77 Wor 
ont + ; sive 
‘a? Pe Med 
af ai ° 4 7 
{ yk ye | _ . 4 a okie VEY, ft 
_ ary } = fl ma 


in : 
eopd — @ttoe reisvin! ial ae 
| ats a) ph eet 


hue . 


ae wy 


“he i ea he a TE ole * 
f rr a . Y 3 


a RR mS 
2 0 a 
Sr et a 


re ee se A med» 


4 


re. oh alte! « in | 


5A 


LV x!pueddy 


"G0°O > = d 4b juasayyip AjyupoiyiuBis you paypo!pul suajyo] QWDS BY) pUD UIW OZp Of} OQ] WO1y peynWysa uDeW 
Ov0OO°O 6200°O0 £€200°0 0s00°0 §=—s (+) aS 
£980°0 6rll°O 6801°0 cvll 0 oe 

9) Dp ts) 

896 ° | Olev’O yVSLE 0 GA ACTS Sd en ee BSA ore Oo. 8901 “0 A 
698° | vOcV 0 cESE 0 80Z0°0 cedl’O vv0l°0 cZ01 0 06€ 
FOL A 89lV 0 LZLE*O C280 0. = S60 PeZTl-0 y9Z1 0 09€ 
LLL" GZEV 0 OvVce’0 9730 Ome 9CCl Ce ccll 0 82110 0ee 
£28 | 89Sr°0 clec 0 O180°O =e LL O |= SLL O L801 °O 00€ 
Zze | LOvy’0 vice’"O EI80° O2eic9dl OUSLSOOL 0 Zee. 0 0L72 

€c8 | 9SSr°0 Lyce°O £680°0 é6¥72l°O 8¥y01°0 CLZL “0 £4 
026° 1 9EEr 0 LZ9E°O cvOl’O ZZ0L°O § 88g0l°0 ZEOL *O Ole 

9&6 ° | OS8E°0 EL8e°O SSO OF) cSOl 0s coll 0 Zell 0 Ost 

z 3 6080°0 £060°0 ¥vZ80°0 2680 °0 Ost 

= - VLLO Oye 6680 On. CEZ0°0 €180°0 021 

5 =a €790°0 LZZ0° 05. 7990 0 ZE90 0 060 

= = €S90°0 0990°0 €2S50°0 8250 °0 090 

= 3 y2€0°0 cevO'O 22€0°0 yOv0'0 0€0 

= = 0 0 0 0 000 
(ulW/}D9> (uw /|) (uiw/}) SDS) poolg poo|g uoISNju| 

UO!JONPOd J uol4duinsuosy pasidx3 Ulin snousd A jOayVy jo 

aunjipuedx 3 ABieuy LOD CO OD JO ANATISY Sijisedc owl] 
UIW/ID U G*GZ a4oy UO!sNyul 87 “ON deeus 


0 
ie @bEI 0 
$790.0 $881.0 3 
6180.0 Cf. ITO 1801.0 
- | 
6 
0 
0 


ee 


toy al ie ealita @) ob 
: 
Le 
B i 
’ 
o. 


> o $6.0 aNGO.0 2881.0 SCI.o © STT.O =. OBE 
81.0 INTE.0 $880.0 BRT! StIF.0. BEST. OSE 
SOSA, Seee.0 - G050.0 — S801 BAOI.0 SvOT.0 ORE 
= ee sor. ose 
SS eee $880.0 @AT1.0 2801.0 SAIT.O —*nwem 


0n00.0  @800.0  €900.0  060.0 (1) 32 


20.0 > Es a ay Se nim OSb of O81 mor? betomites apem : 


"CO°O > «dye Juasayyip Ajjupo1j1uBis you o.1D sid4jo} Suis BY; POMO]}O} UDOW 

nn EEE EEE EE EEEEIEE ERED 
0800°0 1600°0 ¥600°0  s600°0 (+) 3S 
CCSD) VIZIO) PAMIEO) § SHDIEO «URE 
q Le) qo fe) 

a en memambiatemmen aeanad 
€209° | 092Z°0 LO€e*0 GO8L°O 8Z61°0 2Z81°0 8061°0 87 8 SVL OS°Z 06€ 
€€cZ° I 690 cLve 0 LSSL°O ZELZ°O 862l°O0 08210 6V'8 GOL Lost. 09€ 
vECL*L 06E€ 0 EOve 0 LSEL°O 6061°O V8Sl°O €061°0 Sy 8 09°Z Youd, Ofe 
C098" | O2Zr °0 LOSE 0 OOE1°O B889l°O 9SS1°0 V8sl°O 8y'8 8S°Z 09° 2 00€ 
E862 "| G96E°0 Lcve 0 Z6EL*O LO9L°O 8ESlL°O 64791 °0 S28 vS°L 6S°Z OLC 
0826 ° | Over 0 LZ9€°0 CoGL 0. CEGISO, SZZL°0, 8991.0 co 8 Sool. Se Ove 
OL0Z°e O87s"0 266€ 0 H9lby 0, 9Zh1-0, SELL 0, 821.0 €2°8 G9°L A A OLZ 
8SLEL*S 89050 Ov6e'0 yOTL°O 96EL°O OLLL°O S8zl°O OL’8 89°Z vie Ra 08 i 

(UNO 19 25) (BE) cant) oo pec id= bos poojg = pool uo! sn yu 
aingipuadxy ABieuz = uolJONpo1g = uot dwinsuo>—s paidxy = SUI) SMOUBA Oa = BULA) SNOUBA Dey jo 
dele) Ze) (p6u/19 u) “QD Jo Apatow o1y!oeds He en 

uIW/ID U O° ZG B4DY wojny; Oy °ON daeus 


ZW x!pueddy 


“a 


re ee 


ote ital onto fon #1 nottel mcs ort bewollet neem 


+ 


-56- 


UIW/ID U C°69 B4DY UOI!SN}UT 


EV xipueddy 


"GO°O > d 4p yuasassip Ajyupo1y1UBis you ap siajja} BwDS By} paMo}}o} UDEW 


* 


€ZL0°O Ovz0°0 6£00°0 ~velo'°0 (+) 4S 
y881°0 evle’O 9202°0 ¥01Z°0 upeul 

q qo p 
O8er' | 8Z/Z°0 LS82°0 198Z°O 6e86°0 EvlzZ°O eSez'0 82'S 2Z5°L Ov9'Z 06€ 
SOr6 "| 81SZ°0 61Zr'0 0091°0 OZIE'O 9LZL°0 ezez7o. zee «LLL 09€ 
Z891°Z €£67°0 869r 0 O8rl°O 7%zz°O Sesto sZ8l‘oO ZI°8 2E9°L 069° oce 
yle" | Z97"0 sly "0 8y91°0 6G2Z°0 ZS8l°0 S68l°0 40°8 999°L O0£9°L 00€ 
6£08" | Lesz"0 8Z8E°0 9191°O ZyLe°O Ly0Z°0 S8ZZ°0 92°8 = 89°L EDL 0£Z 
6506" | G08Z°0 OS0r’0 SSLL°O v8SZ°0 OZ81°0 6981°0 91°88 2H9°L = 06 S*Z Ovz 
Z96L" | 168Z°0 PAVASAY) e6€7°0 6e8e'0 ZE0Z'0 19%Z°0 BC'S E29'L = BIL 012 
ls GOLE"0 68ZE°0 GS8L°O LEVe'O 6861°0 vE9l°O 9€°8 809°L O£9°L4 081 
(ujw/} 09>) (ulw/}) (ulw/}) sD) poolg poo|q poo, poojg Uo !snju| 
aingipuedxy ABiauz = udIJONpO1g = uolydwinsuo> ~=— paidxy = AUG, «= SNOUDAJDNJOyNY = ULI) «= SNOUBA Day jo 
ele) oO (9 Bu/19 u) Q> Jo Ay atyow 215!9ed5 SCO 


7ZZB "ON daeus 


ZSSl 
89LV 
vZLEZ 1 
L8ZZ° 1 
L602 ° | 
896Z° | 
L96Z° 1 
2988" | 
LLOS* | 
74 | 
7600 ° | 


LOZZ°0 


" 16570 


9862 °0 
1662°0 
y88z2°0 
€9ZE'0 
€862 0 
CILE 0 
GLSZ°O 
e981 °0 
8ZZ1°0 


a7) 


UOLJONPOId 


COD 


(LA RSAY) 
LSLE“0 
LOGE 0 
LZ9E°0 
LySE°0 
029€°0 
02Z€°0 
80ZE°0 
611€°O 
Lée7 0 
6502 0 


(uiw/|) 


uolyduinsuoy = paidx3 


CO 


"CO°O > d 4p yuaiayjip AjjupoijiuBis Ou 91D sia4jo] BUDS 94} pAMOj}]O} UNSW 


€010°0 9010°0 0600°0 


esol °O 
4 


€8Z1°0 
OZ91°0 
ZL8L°0 
Lyéz 0 
9261 °O 
vZ81°0 
9EZ1G0 
0671 °O 
LOvL'O 
L€60°0 
ZL11°0 


SDS) 


y Vv xipueddy 


ySve 0 


L€61°0 
€222°0 
0692 °0 
V8E7 0 
L2ce 0 
6192°0 
L€6z°0 
€£0C 0 
9597 °0 
cSSZ 0 
OSZ1°0 


aul 


reo 0 
| 


LZS1°O 
9ZEL 0 
6S91 0 
6S81 0 
GAN C) 0 
82610 
0881 °0 
8ié6l 0 
G69l °0 
6661 0 
895i °0 


poo}g 


snoua A 


LO01L0°0 
6€61°0 


6LZL°O 
G66 1° 0 
LOvL’O 
60v 10 
y98l 0 
ZES7°0 
S0e? 0 
GEZl O 
GLI 0 
6v12°0 
8212°0 


pecid 
JO J94 V7 


(> Bu/19 u) QD Jo Aptaroy 214198dg 


eta ct a i A I LI 


UIW/ID U E° EG a4Oy YOISNJU] 


gt et ST PET Say per eee 


ee a "eee 


a a een a Sn nna nee aaa anenNal 


(ura/|9>>)) 
eingipuadxy ABi8u3 


(+) 4S 
ube WwW 
O07 “Sumeacy / yS°L O1S 
cz°8 WG 6S°Z O8Y 
6z7°8 «OZ Z9°L OSy 
6zo8 - oS¥zZ gg" / Ozy 
ece8 ety 22 os*Z 06€ 
oe°s 6G°Z LoL 09€ 
cog OL 09°Z Oe 
ly'8 SG°Z 09°Z 00€ 
Ze°8 OGL 6S°Z 0LZ 
zee} pesiZ 6S°Z Orz 
li°8 = §G°Z 65°Z O1z 
poolg poojd UoIsnjul 
aul) «= sNOUaA, | DIJO} jo 
aul] 
Hd 
80E “ON deeys 


% 


_ ee preatg , on | a sath af a 12 ; 
j ig Wee ai ihe Roi,” 
; f 7 F 4 ' 
3 


iv 6B oles 
| au 
. . 7 . \ ; ™ ‘ 


—_ 


-stH1.0 OEI0 » 
a8 HERO:0 8828.0 
eA ee ee | 
arto iees.0 e 
| ANBT.O -@f8S}0 4 
e81,0 SEO - 
“SASS,0 BBES.0 988 


Oval ,O E8550 BXEL.0 e220 8.8  a’.X @2.5 OBB 
~ 888i ,0 “TERE.G - 12h RINT. O88 BRN RE =~ OE 


G2a1.0 SSAS.0 [£at.0  eEeT.0 a 


010.0 8070.0 000.0  Or0.0 : iz 


20.0 > 9 tp ineretiib cineaitigis ton #10 nettel emve ert bewollot neem * — 


= 
~ 
re 


~58- 


"CO°O > d 4p juasaysip AjjunoiyiuBis you 1p siajja] BWIDS 944i P9MO}}O} UDSU! 


GV xipueddy 


Lv00°0 1600°0 9500°0  1010°0 (+) 4S 
9v8l°0 179Z°O 8ZZL°0 0661°0 upeu 

qp q p 
Z9L6* | oSE"0 LLOv’O VISleOs cece 0 Sezl-0 066-0 GPO 1962 ¥9°L OSP 
7688" | Evee’O 678€°0 ZO 1LO=SCE LE 0." 026 )e Onan ClCC 0 uen SY 8 eee .Z 8g°Z Oz 
G16" 1 Lyve0 9L6€°0 OS6L°O 819Z7°O ZZZL°0 £60270 z2e°8 = =09L Z9°L 06€ 
61Z0°Z SZSE°0 LS¥'0 LO9L°O 890Z°0 9291°0 e€S1°0 S78 sGrZ 6S°Z 09€ 
O26" I 87ZE°0 096€°0 978180. “F270 V0 20, pa"6C0G On enOe 9 pe OCe/ 8S°Z ogee 
0566" | 8Eve"0 €607 0 Z891°0 SySZ°O 6SEL°0 8SZ1°0 el°8 LG°Z I9°Z 00€ 
18Z0°Z 89VE"0 EZL7°0 78/10) VS9C 0 slZGie Oe Slot UO. Sia8 mec sic Gg°Z 022 
£596" | 8Sle"0 Z6LE°0 000Z°0 Z16z°0 8961°0 609770 Zi°s og*Z ZS" OvZ 
9996 ° | ZOE "0 0Z07°0 Gy8l°0 9€97°0 Ze9l°O Ov8l°O «OLS eS“ vS°Z O1Z 
8906 * | 8SZe"0 L26€°0 0661°0 6622°0 Z681°0 602770 11°8 Sr'Z 87° Z O8l 
ae tenet (uyw/}) Ce so) poojg pool poojg = poolg Moissy 
ainyipuedxy ABseuz =: UOLJONposg uolydwiNsuo>y_~=—s pedidxW = BUF, SNOUBA Day = SUL) SNOUBA | DI Je 47 jo 
EO se (> Bu/12 u) SQ Jo Ananoy o1j19ed¢ Hd ie: 
UIW/ID U [Eg ayy UOIsSNyU| 8p “ON deays 


So ae _— | _ 00.0 >. 9 40 tnereliib-yHanoitingiz fon 210 21ettel emez edt bewollot neem _* 


“epi 


"CO°Q > d 4o yuasejyIp jundijiuBis Jou a1 40449] SWS PAMo}}O} BY} PUD “UW Op Of O/Z WA} 


a 


pajpwijse aiD upswW 


cee ee eee ee 


eee eee 


ara |Pe A) 
aingipuadxy ABueul 


(ujw/)) 


UOlJONPOJ 


COD 


(uiw/}) 


uolydwinsuo) 


LL LC 


uIW/ID UE* |Z] B4OYy UOISNjU| 


zv00’0 += 1¥00'0 ~=—_ 6 £000 9200°0 = (+): aS 
09sl°0 £002°0 L6Sl°O OCLs” ee 
9GZL°0 Lee2°0 €0Z1°0 SE8l °O O8P 
09Sl°0 8sl02°0 S991 °O 8291 0 OSV 
LOo9L°O §=60L0Z°0 S9ZL°O 681 “0 O2V 
0291205 Zilez0 9871 °0 LZLL1°0 06€ 
OLLISO——C061-3 61S1°0 Elst “0 09€ 
9EVl°O ¥v80z°0 8S71°0 C691 °O O&e 
9€S1°0 L1L6l°O OLZL°O 6691 °0 00€ 
LEEVO™~ SI8t°0 697 1°90 Gc9L 0 RA 
Syyl°O ©8261 0 EvSl"O CVI LO 4 
LO€l°O §=—6 WZ BZEL*O 92v 1 °0 O12 
LEvieO™ SOZT*O vylel°o EVEL “O O8t 
LOGTr0 ly r-0 EZ1L°O €021°O Osi 
CLOTH = OLETO 2601 0 9811 °O 0c 
LE80"0 ~ -9EET*O 6260 0 y001 *O 060 
€v90°0~=—s« OL LL *O €2Z0°0 €280 °0 090 
CLv0°0 }3=—s- S¥S0°0 LZE0°0 ELS0°O 0€0 
0 0 0 0 000 
Lo) pecid pola peed LI ed 
paiidx3 aun snous A jOepy jo 
19 U) COD 4O APALJOW 91419905 owl] 
GON Sie) 


9 xipueddy 


- ett.0. | 
| ORE. 


“Bist 0 


0 BO8F.0 


KXOF.O- 


Bxer.0 
)- S58h.0 
VF0 «© RT.0- 
1.0 - 808.0 
1.0  s0e!.0 
0 Wis.o 
Of0S.0. 
Bfos.o- 


<SSS.0 


me 
¥ 


7 
i i m } 
1 TP a ; 
4 2 io 
: oO” f & 
; , : > E 
ie P Mi 
' ul 
. ‘ Be » ' 
: ane SF . 
;  % 
ee | ly : : q 
of) 7 
, nl 
7 7 
cm 7 b 


3 


' 


ena 


“ 
9 


1828 


4 


260- 


"C0°Q > d 4p seyso Yyone oO} yuateyyip AjjuDd!j1UBIs Sip sue Bt} ||P 


* 


ee eee eee ee aS 


9€00°0 1¥00°0 Z600°0 sl00°O <2200°0 (+) 4S 

1890°0 £880°0 z8zl°0 3=—. 80Z10—Ss«dL LO 4 2unele 
Sag ee ee ee ee 00a 
ye6'9 SSO" | 99V * | €Z90°0 ¥660°0 ZOEl*0- CISEO crSl 0 KA 7 

921 Cyl l 61S" 1 ZSS0°0 7cr80°0 Lovi°O }§=6 80210 @ZG1 0 1014 

00e*Z Ell L691 Z0S0°0 &660°0 CAEL 0 —=v69l 0 -SzZyi- 0 06€ 

991 °Z eclal €0s"l 6€S0°0 é6l0l°0 96Z21°0 vZZl°0 26€L'0- GZE 

L60°L 9211 Ors’ 0Z90°0 6€0L"0 OftlL°O EerZl°O EeVvvl’O 09€ 

GGL°9 8v0° | CCV Z690°0  6660°0 6v0l°0  €181°O 12st °O SVE 

vv6'9 ce0*l ZOVet 68Z0°0 9€80°0 GZEL°0 cosl°o 8 zerl oO O&€ 

610°2 690° | 967 | €260°0 $190°0 626160  SE9Z1 0 «92510 GLE 

662 °2 GZ0°1 Ama | Z2S90°0 £290°0 6Z0L°0 SZ81°O e291°0 008 

62E°Z G60°l 95S" | €760°0 €680°0 wezi°0 4836 €6ZL°O0s @LELO S8Z 

bZE 2 Ec l seroma ZS90°0 2£880°0 9€€1°0 SZZ1°O Zerl'd RA 

LOV'L iol at 895° | vvZ0°0 £S80°0 9yyl°O 60Z1°O 1ZS1°0 GSC 
ee See Sey Ee eee es a 
(uywy/}D9>}) (ulu/)) (urw/}) pind so poo|g UO!sn sul 

UOIJONPOl uolydwinsuo> >| IW uawNny pauidxy = aul sNOUs A, jo 
ainyipuedxy ABiau3 COD CO (5 Bu/1> u) COD jo Ananoy 215108d6 Out] 
UU BOW Shy VOlsyhl Ce: ONESIES 


Ly xtpueddy 


8 
% 


a 


tall 


= 


— 


—SaSt.0 porr.0 6 fearo.OC** 
, %600.0 200.0 $800.0 


jel l@¢saggasanas 


.2.0 $ q tp verte rlone of insieMib \Hawoitingiz 21p enpem srt lip. oe 


thie 


APPENDIX B 


Specific activity of CO, in various body fluids during intraperitoneal 


4 


infusion of NaH! CO, and intra-ruminal infusion of HCI, and the effection of 


CO, elimination by acid infusion. 


Trial Animal NaH!!“co, Infusion rate Page 
(n ci/min) 
Bl Sheep No. 116 133.65 62 
Bez Sheep No. 8224 35.3 63 
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